During flap transplantation, complications associated with insufficient arterial blood supply^[@R1],[@R2]^ and obstructed venous return^[@R3]--[@R7]^ are not uncommon, and could result in ischemia, congestion, and necrosis. To solve these problems, arterial supercharging or venous superdrainage is widely used. Some studies have demonstrated that arterial supercharging is more effective than venous superdrainage for flap survival,^[@R8],[@R9]^ whereas others hold the opposite view.^[@R10],[@R11]^ In the clinic, complications resulting from venous problems are more common than those caused by arterial ailments.^[@R12]--[@R14]^ Kaplan et al.^[@R15]^ demonstrated that with more veins, venous drainage is better and congestion is less. Some studies have also suggested significantly reduced flap failure and venous thrombosis after anastomosis involving two veins compared with one.^[@R16],[@R17]^ However, Ehrl et al.^[@R18]^ showed that flap survival is independent of the number of venous anastomoses. This study maintained the number of veins, but changed the positions of venous drainage, to assess the effects of venous drainage position on arterial blood supply and venous return within the flap, providing a theoretical basis for the clinical management of conjoined flaps.

MATERIALS AND METHODS
=====================

Animals
-------

Fifty-four Sprague-Dawley rats aged 2 months and weighing 250 ± 10 g were obtained from the Laboratory Animal Center of Wenzhou Medical University, Zhejiang Province, People's Republic of China (license no. SCXK2010-0044). Only male animals were used in this study to avoid gender-related differences. The rats were maintained under a normal 12-hour/12-hour dark/light cycle at 23° to 25°C with a relative humidity of 45 to 55 percent, in individual cages with soft bedding, and given standard laboratory food (Laboratory Animal Center of Zhejiang Province) and water before and after the procedure. The experiments were performed in accordance with ethical guidelines for the use and care of animals; the study was approved by the ethics committee of Wenzhou Medical University.

Surgical Procedure
------------------

There are four angiosomes in the dorsum of Sprague-Dawley rats, including the right and left posterior intercostal angiosomes, and the right and left iliolumbar angiosomes^[@R19]^; anastomoses between the four angiosomes are termed the choke area (Fig. [1](#F1){ref-type="fig"}). Fifty-four rats were divided randomly into three groups (*n* = 18 per group): (1) in experimental group 2 group, only the right posterior intercostal artery and the left iliolumbar vein were preserved; (2) in experimental group 1 group, only the right posterior intercostal artery and the left posterior intercostal vein were preserved; and (3) the control group had only the right posterior intercostal artery and vein preserved (Fig. [2](#F2){ref-type="fig"}). All surgical instruments were autoclaved before use. After anesthesia with 5% chloral hydrate (6 ml/kg administered intraperitoneally),^[@R20]^ the entire back was shaved, and the rats were placed in the prone position. The flap measured approximately 6 × 7 cm, with the following borders: (1) cranial, 2.5 cm below the shoulder blade; (2) caudal, at the iliac crest level; (3) intermediate, at the middle axillary level. Then, a sterile towel was placed on the back, and the operative area was sterilized with iodine and 75% alcohol. The flap containing the skin and superficial fascia was dissected completely from the underling soft tissue, and the arteries and veins were ablated or preserved according to grouping. After careful hemostasis, the flap was restored into the orthotopic site using interrupted 4-0 nylon sutures (Pudong Jinhuan Medical Products, Shanghai, People's Republic of China).

![The four angiosomes of the rat dorsum. *PIAV*, posterior intercostal artery and vein; *ILAV*, iliolumbar artery and vein; *Choke*, anastomosis area between the four angiosomes.](prs-143-322e-g001){#F1}

![The three flap models. (*Left*) Control group, preserving only the right posterior intercostal artery and vein; (*center*) experimental group 1, preserving only the right posterior intercostal artery and the left posterior intercostal vein; (*right*) experimental group 2 group, preserving only the right posterior intercostal artery and the left iliolumbar vein. *PIA*, posterior intercostal artery; *PIV*, posterior intercostal vein; *ILA*, iliolumbar artery; *ILV*, iliolumbar vein; *R*, right; *L*, left; *red*, artery; *blue*, vein; *black*, ablation.](prs-143-322e-g002){#F2}

Distances between Angiosomes
----------------------------

First, angiosome positions were determined in the flap, followed by measurements of the distances between the angiosomes obtained with Vernier calipers. The right posterior intercostal, left posterior intercostal, left iliolumbar, and right iliolumbar angiosomes were angiosomes I to IV, respectively.

Flap Survival Assessment
------------------------

At 7 days postoperatively, the rats were anesthetized, and the flaps were photographed with a digital camera (Nikon, Tokyo, Japan); image analysis was performed with ImageJ software (National Institutes of Health, Bethesda, Md.). The area of survival relative to the total area of the flap was considered flap survival, and was computed by dividing the number of pixels constituting the survival area by that of pixels in the whole flap.^[@R21]^

Perforator Flap Angiography
---------------------------

After flap survival assessment, 20 to 30 ml/kg of lead oxide--gelatin (Wenzhou Jinshan Chemical Reagent Co., Ltd, Wenzhou, People's Republic of China) was injected into the right common carotid artery of the animals through a 22-gauge silicone rubber catheter (Pudong Jinhuan Medical Products, Shanghai, People's Republic of China). The perfused rat cadavers were frozen at −20°C overnight to allow lead oxide--gelatin to solidify.^[@R22]^ An abdominal midline incision was made, and the trunk skin was stripped for radiography (XG-1; Fujifilm, Tokyo, Japan) to assess vessel changes attributable to the flap.

Average Microvessel Density
---------------------------

At 7 days after surgery, skin tissue samples (1 × 1 cm) were harvested from the choke area, fixed with 4% paraformaldehyde, and embedded in paraffin. Then, 4-μm slices were stained with hematoxylin and eosin (Solarbio, Beijing, People's Republic of China). Average microvessel density was assessed according to Weidner et al.^[@R23]^ Briefly, hematoxylin and eosin--stained skin tissue samples were screened at low power (100× magnification) to identify three hot spots of typical angiogenesis. Within the hot spots, microvessels were counted at high power (200× magnification), and average vessel count in three hot spots was considered as average microvessel density. All counts were performed by two investigators in a blinded manner; the counts were compared between them, and discrepant results were reassessed. The consensus was used for average microvessel density analysis.

Biochemical Analysis
--------------------

At 7 days after surgery, lactate levels in tail vein blood samples were assessed on an automatic biochemical analyzer (Vitros5.1FS; Ortho Clinical Diagnostics, Rochester, N.Y.).

Statistical Analysis
--------------------

Data are mean ± standard error, and SPSS 17.0 software (SPSS, Inc., Chicago, Ill.) was used for statistical analysis. One-way analysis of variance followed by the Tukey test was used to compare the three groups. Values of *p* \< 0.05 were considered statistically significant.

RESULTS
=======

Distances between Angiosomes
----------------------------

The distances between angiosomes I and II, I and III, and I and IV were 2.495 ± 0.063 cm, 4.862 ± 0.066 cm, and 3.684 ± 0.051 cm, respectively. Angiosomes I and II were the closest, whereas the distance from I to III was the longest (*p* \< 0.05) (Fig. [3](#F3){ref-type="fig"}).

![Distances between the angiosomes (*n* = 16). The distance between angiosomes I and II was the shortest distance, whereas the distance between angiosomes I and III was the longest. All showed statistical significance (*p* \< 0.05).](prs-143-322e-g003){#F3}

Changes in Venous Drainage Position Increase Flap Survival
----------------------------------------------------------

At 7 days after surgery, survival rates were 100 percent for both experimental group 2 and experimental group 1 and 86.5 ± 1.6 percent for the control group (Fig. [4](#F4){ref-type="fig"}).

![Flap survival at 7 days after surgery (*n* = 6). *Red box*, necrosis area. The survival rate of the control group was 86.5 ± 4.3 percent, whereas 100 percent of animals in experimental groups 1 and 2 survived.](prs-143-322e-g004){#F4}

Changes in Venous Drainage Position Enhance Angiogenesis
--------------------------------------------------------

At 7 days after surgery, angiography demonstrated that angiogenesis between angiosomes I and II was obvious in all groups; the number of blood vessels in experimental group 2 was the highest, followed by experimental group 1, and then the control group, in the region of angiosomes III and IV (Fig. [5](#F5){ref-type="fig"}). Hematoxylin and eosin staining revealed a higher frequency of microvessels in experimental group 2 (29.5 ± 1.6) compared with experimental group 1 (24.0 ± 1.6) and controls (18.4 ± 0.9) (*p* \< 0.05). A significant difference was also found between experimental group 1 and controls (*p* \< 0.05) (Fig. [6](#F6){ref-type="fig"}).

![Angiography at 7 days after surgery. *White dotted circle*, choke area; *red box*, necrosis area. Angiogenesis between angiosomes I and II was obvious in all groups. The number of blood vessels was relatively low in the control group, larger in experimental group 1, and largest in experimental group 2 in the region of angiosomes III and IV.](prs-143-322e-g005){#F5}

![Hematoxylin and eosin staining for angiogenesis detection at 7 days after surgery (*n* = 6). More microvessels were found in experimental group 2 compared with experimental group 1 and the control group (*p* \< 0.05). Differences were also noted between experimental group 1 and the control group (*p* \< 0.05). *Scale bar* = 100 μm.](prs-143-322e-g006){#F6}

Changes in Venous Drainage Position Improve Ischemia and Hypoxia
----------------------------------------------------------------

Lactate levels in experimental group 2, experimental group 1, and controls were 7.47 ± 0.17 mM, 8.03 ± 0.31 mM, and 9.98 ± 0.37 mM, respectively, indicating lower amounts in experimental groups 2 and 1 compared with control values (*p* \< 0.05) (Fig. [7](#F7){ref-type="fig"}).

![Lactate levels at 7 days after surgery (*n* = 6). Lactate levels in experimental group 1 and experimental group 2 were reduced to preoperative levels, but remained high in the control group, with statistically significant differences (*p* \< 0.05).](prs-143-322e-g007){#F7}

DISCUSSION
==========

Traditional supercharging improves flap complications by anastomosing an additional artery or vein in the distal part of the flap^[@R24]--[@R26]^; however, which of the two ways of supercharging is superior remains unclear. One view is that flap complications are mainly caused by venous congestion. An additional vein in the distal part of the flap could promote venous drainage and improve flap complications.^[@R27],[@R28]^ Another view is that an additional artery in the distal part of the flap could increase arterial blood supply, thus improving flap complications.^[@R29]--[@R32]^ However, arterial supercharging also affects the vein, increasing the burden of venous drainage, which could lead to flap necrosis if used improperly.^[@R33]^ The best flap survival occurs with both arterial supercharging and venous superdrainage. In the present study, arterial high-pressure perfusion and venous superdrainage were achieved by venous drainage position changes, and acted together on the same flap; this not only improved arterial blood supply to the distal part of the flap, but also promoted venous drainage, thereby improving flap survival.

The flap was perfused by arteries and drained by the accompanying veins of the four angiosomes preoperatively, in a state of dynamic equilibrium. In the control group, the right posterior intercostal artery and vein were preserved, with the remaining arteries and veins ablated; arterial blood from the right posterior intercostal artery was forced to flow across, to the adjacent angiosomes II, III, and IV because of the pressure difference, and drained through the right posterior intercostal vein. Vascular dilation and angiogenesis followed the direction of blood flow, and the flap was partially necrotic. Compared with the control group, the accompanying right posterior intercostal vein was ablated in experimental group 1; the blood could not drain, and the arterial pressure of angiosome I was increased, forcing the blood to perfuse under high-pressure to the adjacent angiosomes, and superdrained by means of the left posterior intercostal vein because of the ablation of the accompanying left posterior intercostal artery. Such a flap had effects of arterial high-pressure perfusion and venous superdrainage at the early stage because of venous drainage position changes, aiming to establish the normal artery-vein path. Once established, the above effects disappeared. In this group, the flap survived completely. Compared with controls and experimental group 1, experimental group 2 had the left iliolumbar vein, with a relatively larger vascular caliber, preserved. The distance between the inflow artery and outflow vein was longer (Fig. [3](#F3){ref-type="fig"}), and the artery-vein path could not be built quickly. This flap had not only effects of arterial high-pressure perfusion and venous superdrainage at the early stage, but also venous superdrainage later. Arterial high-pressure perfusion and venous superdrainage lasted longer, and changes to the vascular rete within the flap were more pronounced in experimental group 2 compared with experimental group 1; therefore, the experimental group 2 flaps totally survived (Fig. [4](#F4){ref-type="fig"}). Compared with the traditional supercharging flap, arterial high-pressure perfusion and venous superdrainage of the current flap in both experimental groups were caused by changes of venous drainage position; not only it did not increase the burden of venous drainage, but also promoted venous drainage, with no additional vessels needed.

Improved flap survival is accompanied by an increased number of microvessels.^[@R34]--[@R36]^ Angiography showed overt angiogenesis between angiosomes I and II in all groups, because the distance between angiosomes I and II was the shortest, and arterial blood easily flowed to angiosome II. Once the artery-vein approach was established, the effects of arterial high-pressure perfusion and venous superdrainage in experimental group 1 disappeared, but this lasted longer in experimental group 2; therefore, the most pronounced angiogenesis was observed in experimental group 2, in the region of angiosomes III and IV (Fig. [5](#F5){ref-type="fig"}). Hematoxylin and eosin staining also revealed more microvessels in experimental group 2 compared with experimental group 1 and controls, with more in experimental group 1 in comparison with the control group (Fig. [6](#F6){ref-type="fig"}). Thus, changes of venous drainage position are beneficial for flap survival, and involve a mechanism dependent on angiogenesis.

The lactate level is an indicator of tissue ischemia and hypoxia.^[@R37],[@R38]^ Lactate levels in experimental groups 2 and 1 returned to normal values, but remained high in the control group at 7 days after surgery (Fig. [7](#F7){ref-type="fig"}). These findings indicated that ischemia and hypoxia had largely disappeared in experimental groups 2 and 1. There was no congestion at the distal end of the flap in experimental groups 2 and 1, whereas this was a serious problem in the control group.

This was just a preliminary study and had several limitations. First, it focused on phenomenon description, and expression levels of related proteins were not assessed; therefore, the underlying molecular mechanisms remain unclear. Second, the associations of the duration limit of arterial high-pressure perfusion and venous superdrainage with the distance from the artery to the vein deserve further attention.

CONCLUSIONS
===========

Changes in venous drainage position might result in arterial high-pressure perfusion and venous superdrainage, which alter the vascular rete, thereby improving survival. The longer it lasts, the more obvious the effects are that are obtained.
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